Effect of interfacial intermixing on the Dzyaloshinskii-Moriya
  interaction in Pt/Co/Pt by Wells, Adam W. J. et al.
Effect of interfacial intermixing on the Dzyaloshinskii-Moriya interaction in Pt/Co/Pt
Adam W. J. Wells,∗ Philippa M. Shepley, Christopher H. Marrows, and Thomas A. Moore
School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom
(Dated: January 4, 2018)
We study the effect of sputter-deposition conditions, namely substrate temperature and cham-
ber base pressure, upon the interface quality of epitaxial Pt/Co/Pt thin films with perpendicular
magnetic anisotropy. Here we define interface quality to be the inverse of the sum in quadrature of
roughness and intermixing. We find that samples with the top Co/Pt layers grown at 250◦C exhibit
a local maximum in roughness-intermixing and that the interface quality is better for lower or higher
deposition temperatures, up to 400◦C, above which the interface quality degrades. Imaging the ex-
pansion of magnetic domains in an in-plane field using wide-field Kerr microscopy, we determine
the interfacial Dzyaloshinskii-Moriya interaction (DMI) in films in the deposition temperature range
100◦C to 300◦C. The net DMI is linked to the difference in top and bottom Co interface qualities;
the net DMI increases as the difference between top and bottom Co interface quality increases.
Furthermore, for sufficiently low base pressures, the net DMI increases linearly with the deposition
temperature, indicating that fine-tuning of the DMI may be achieved via the deposition conditions.
PACS numbers: 75.70.Cn, 68.35.Ct, 68.35.Fx
I. INTRODUCTION
The interfacial Dzyaloshinskii-Moriya interaction
(DMI) is a key ingredient in determining the equilibrium
domain wall (DW) spin structure in thin magnetic films
with perpendicular anisotropy and structural inversion
asymmetry, such as Pt/Co/AlOx1–3, Pt/Co/Ir4,5,
Pt/[Co/Ni]6–8 etc. The DW spin structure in turn
determines how the DW responds to a driving force.
In the presence of DMI, bubble domains expand
asymmetrically in simultaneously applied in-plane and
out-of-plane fields4,9–12, which enables evaluation of the
DMI and of the DW spin structure. For sufficiently large
DMI, Ne´el walls are stable13,14 and have been found to
move at several 100 m/s under spin-orbit torque7,11,14.
Beyond that, skyrmions may be stabilized15–19 and
could have a huge impact on magnetic memory20,21 and
logic devices22,23.
Since DMI originates at the interfaces of a thin mag-
netic film24, contributions from the top and bottom in-
terface must differ in magnitude or sign to effect a net
DMI. Previously it has been shown that even nominally
symmetric Pt/Co/Pt possesses DMI4,9,10,25,26. Bubble
domains in room-temperature sputtered Pt/Co/Pt on a
silicon substrate expand asymmetrically in an applied in-
plane field4, indicating a net DMI. However, if Pt/Co/Pt
is grown epitaxially on sapphire, the domain expansion
can be symmetric4, indicating that there is no net DMI
in this case. This highlights the importance of structure
and the relative interface morphology of upper and lower
Co interfaces in determining the DMI.
Here we adjust the interface morphology of the upper
Co interface relative to the lower Co interface by control-
ling the substrate temperature during deposition. We
find that Co-Pt intermixing increases in the temperature
range 100-250◦C, and correlates with an increased magni-
tude of the DMI field, which is more pronounced at lower
base pressures. Our results show that the interfacial DMI
depends very sensitively on the ferromagnet/heavy metal
interface morphology and thus on film deposition condi-
tions such as substrate temperature as well as chamber
pressure.
II. SAMPLE DEPOSITION
The samples investigated here are composed of a
Pt(3nm)/Co(0.7nm)/Pt(1nm) epitaxial stack deposited
by DC-magnetron sputtering onto a C-plane sapphire
(Al2O3) (0001) substrate previously annealed at 700
◦C
for 4 hours. The Pt seed layer was sputtered with the
substrate held at 550◦C for optimum smoothness27. Mea-
surements of the residual resistivity ratio (RRR) and the
full width half maximum (FWHM) of X-ray diffraction
rocking curves in previous work27 showed that sputter-
ing onto a C-plane sapphire substrate held at a temper-
ature between 450-550◦C yielded high quality crystalline
Pt films. The Co and top Pt layer were then sputtered
with the substrate held at a temperature in the range
50-500◦C to aid epitaxy, focusing between 100◦C and
300◦C where a high degree of crystallographic ordering
was found previously27. Films were grown with the base
pressure in the range 0.6-3.5×10−7 Torr, measured im-
mediately prior to deposition of the seed layer. The Ar
pressure needed to obtain stable plasmas ranged from
2.6-3.9×10−3 Torr with the lower base pressures requir-
ing a higher Ar working pressure.
In a typical deposition run, a set of samples was grown
with the Co and top Pt layer of the first sample deposited
at the highest temperature (e.g. 300◦C) and of the last
sample deposited at the lowest temperature (e.g. 100◦C).
This typical set, which we term type A, forms the basis of
this study: detailed structural characterisation of these
films is reported in section III which permits conclusions
to be drawn about the dependence of the DMI on the in-
terface morphology, reported in section V. Other sets of
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2FIG. 1. Definition of sample sets A, B and C accord-
ing to which deposition conditions vary (V) or stay constant
(C) between samples, with respect to the top and bottom
Co interfaces in a Pt(3nm)/Co(0.7nm)/Pt(1nm) stack. The
deposition conditions indicated are the deposition tempera-
ture, Tdep, and the annealing temperature, Tanneal. Tanneal is
defined as the highest temperature experienced by the com-
pleted stack.
samples were grown in order to determine the contribu-
tion of each interface to the perpendicular anisotropy, re-
ported in section IV. To keep the bottom Pt/Co interface
morphology constant and modify the top Co/Pt interface
only, a set was grown with the Co layer deposited at a
fixed temperature and the deposition temperature of the
top Pt layer varied (type B). A third set was grown akin
to type B but with the order of deposition reversed such
that the lowest temperature samples were grown first and
the highest temperature samples grown last (type C). It
was deduced that the anisotropy originates at both top
and bottom Co interfaces, and that it is unaffected by
differences in interface quality in the type A films, allow-
ing conclusions about the DMI to be drawn for a set of
films where the interface quality varies but the anisotropy
remains constant.
As all samples in the growth chamber are heated si-
multaneously, the maximum temperature a sample ex-
periences may be different from its deposition tempera-
ture (Tdep), and this we term the annealing temperature
FIG. 2. High angle XRD scans showing the epitaxial nature
of the Pt/Co/Pt film for low and high deposition tempera-
tures. The Pt interfaces are of sufficient quality to produce
Pendello¨sung fringes. The Co peaks are obscured by the Pt
peaks. The low intensity peak at 65◦ is thought to be a higher-
order substrate peak.
(Tanneal). For example, in films of type C, samples grown
at 100◦C at the beginning of the run have effectively been
annealed at 300◦C by the end of the run, whereas for films
of types A and B, Tanneal is always less than Tdep. Fig. 1
organises information by interface on the deposition tem-
perature and annealing temperature of each set of films.
We also consider the chamber base pressure (Pbase) to be
a deposition condition: while the recorded base pressure
is that obtained immediately prior to deposition of the
Pt seed layer, Pbase in fact decreases gradually during a
deposition run as a result of outgassing, and for the for-
mation of a given interface it either varies or is constant
across a sample set, following the pattern of Tdep indi-
cated in Fig. 1. In section V we show that the recorded
Pbase determines how strongly the DMI is influenced by
Tdep.
III. STRUCTURAL CHARACTERIZATION
Fig. 2 shows high angle X-ray diffraction (XRD) θ − 2θ
scans for type A samples with the Co and top Pt layer
deposited at 100◦C and 250◦C, at the low and high end of
the Tdep range that we focus on, measured using CuKα1
X-rays. There are peaks corresponding to fcc Pt (111)
that obscure any Co (111) or (0001) peaks; the lack of
any further peaks associated with Co or Pt confirms the
epitaxial nature of the samples at low and high Tdep. The
peaks for the sample deposition at the higher tempera-
ture (250◦C) display better-defined Pendello¨sung fringes,
indicating a more homogeneous layer thickness between
the interfaces of the Pt, consistent with higher atomic
mobility during deposition. Since Pt is present at all
3FIG. 3. Analysis of roughness in Pt/Co/Pt deposited at
different temperatures from (a) rocking curves on the first
Kiessig fringe. Representative data for low and high Tdep is
shown. The light and dark shaded areas represent the areas
under the peak and diffuse wings respectively. (b) FWHM of
the diffuse background.(c) Ratio of the area under the diffuse
section to that under the peak. The shaded areas in (b) and
(c) highlight the main region of interest where the film is
epitaxial with distinct layers.
interfaces in the stack, no information about individual
interfaces is gained at this stage.
To investigate the dependence of the interface rough-
ness on Tdep, rocking curves (Fig. 3(a))were measured at
the first Kiessig fringe of an X-ray reflectivity scan (e.g.
at the 2.7◦ position of the graph in Fig. 4(a)).The peak
and shoulders of the rocking curve include contributions
from all layers, although the surface and bottom-most
interfaces are dominant28. This allows the Born approx-
imation to be employed, where multiple reflections are
disregarded. Here we define roughness as the collective
FIG. 4. (a) Low-angle X-ray scans for Pt/Co/Pt deposited
at low and high temperatures. The lines are from fits to the
data using Bede REFS. (b) σ as a function of Tdep, averaged
over all samples deposited at each temperature. The shaded
area in (b) indicates the main region of interest where the film
is epitaxial with distinct layers.
deviation of atoms from an atomically sharp interface,
and intermixing as the deviation of individual atoms.
The ratio of diffuse to specular area can be used to assess
the roughness since it is the interfacial roughness which
effectively transfers intensity from the specular peak to
the diffuse component29.
Fig. 3(b) shows no change within error of the FWHM
of the diffuse scattering which, when combined with the
shape, indicates that the diffuse background is dominated
by Yoneda scattering and is therefore defined by the re-
fractive indices of the materials in the multilayer. In Fig.
3(c) the slight decrease of diffuse/specular area in the
primary temperature range of 100◦C to 300◦C, however,
indicates a decrease in the amount of roughness as the
deposition temperature increases, probably due to the in-
creasing mobility of the atoms, permitting a lower density
of areas of roughness.
X-ray reflectivity scans (θ − 2θ) at low angles were fit-
ted using Bede REFS30 as shown in Fig. 4(a). The
sum in quadrature of roughness and intermixing, σ, was
used as an indicator of interface quality (small σ indi-
cating a high quality interface), since the wave transfer
4vector remains normal to the surface in θ − 2θ scans mak-
ing roughness and intermixing indistinguishable. In Fig.
4(b) σ averaged over the Pt/Co/Pt structure is plotted as
a function of Tdep for sample sets of type A. The general
increase in σ with temperature seen in Fig. 4(b) for de-
position temperatures 50-250◦C is opposite to the trend
in roughness seen in Fig. 3(c) so we may deduce that it
is predominantly due to an increase in Co-Pt intermix-
ing. For Tdep from 50-250
◦C, therefore, the Pt/Co/Pt
becomes increasingly intermixed until at 250◦C it reaches
the point where the decrease of roughness outweighs any
increase in intermixing, as indicated by a decrease in σ
above 250◦C.
According to equilibrium phase diagrams31, our Tdep is
never quite high enough to produce L10 ordered alloys,
but above 400◦C, they indicate that a disordered fcc
CoPt alloy is grown rather than distinct, ordered fcc Co
and Pt layers, and we suppose that this is what causes the
sharp upturn in σ for deposition temperatures ≥ 400◦C.
The structural characterization thus shows that it is
possible to have some control over the overall interface
quality in epitaxial Pt/Co/Pt via Tdep. While the aver-
age σ value increases, the roughness decreases slightly as
the deposition temperature of the Co and top Pt layer in-
creases from 50 to 300◦C, from which we deduce that Co-
Pt intermixing contributes most to the increase in σ. We
show in sections IV and V, respectively, that this change
in interface quality does not significantly affect the per-
pendicular anisotropy, but that it is linked to changes
in the net Dzyaloshinskii-Moriya interaction, indicating
that, as Tdep is increased, the qualities of the top and
bottom Co interfaces do not change at the same rate.
IV. MAGNETIC CHARACTERIZATION
To investigate the magnetic properties of the type A
films, hysteresis loops were measured using the polar
magneto-optical Kerr effect (MOKE) with field applied
perpendicular to the plane of the film. As shown in Fig.
5(a), for samples deposited at temperatures in the range
100-250◦C, the loops are square, indicating that perpen-
dicular anisotropy dominates. The coercivity, shown in
Fig. 5(b), increases as a function of Tdep in a similar
range of deposition temperatures as the interface qual-
ity (1/σ) decreases, as measured in the previous section.
We speculate that the intermixing of Co and Pt that in-
creases in the Tdep range 100-300
◦C leads to an effective
broadening and smoothing of the magnetic (rather than
chemical) interface that reduces the density and strength
of magnetic defects, that in turn leads to larger nucle-
ation fields for reverse domains, and hence larger coer-
civities. This agrees with our findings of a more homo-
geneous Co layer thickness and a lower density of areas
of roughness at the upper end of the Tdep range.
To determine the perpendicular anisotropy, the sample
was rotated through an angle θ about an in-plane axis in
a constant magnetic field while the voltage V associated
FIG. 5. (a) Polar MOKE hysteresis loops for Pt/Co/Pt
deposited at different temperatures. (b) Coercive field as a
function of Tdep, averaged over all samples deposited at each
temperature. The shaded area indicates the main region of
interest where the film is epitaxial with distinct layers.
with the extraordinary Hall effect was measured. The
resulting V − θ data enabled calculation of the effective
anisotropy field, HK
32. All HK values for films of type A
deposited at temperatures in the range 100-300◦C were
found to cluster around an average of 14.900 ± 0.3 kOe.
This single value of anisotropy field indicates that any
structural change in the sample, e.g. due to interfacial
intermixing, is too small to significantly affect the effec-
tive anisotropy.
To investigate the contributions of the top and bottom
Co interfaces to the anisotropy, HK was also measured
for films of type B and C in which the deposition tem-
perature of only the top Pt layer was varied, and the de-
position conditions of the lower interface were kept con-
stant. Fig. 6 shows that, for films of type B grown in the
usual order (hot to cold), the anisotropy field decreases
as Tdep decreases, while for films of type C, grown in
reverse (cold to hot), there is very little change in the
anisotropy field. Two conclusions may be drawn from
this. The first is that annealing the films at 300◦C, as
occurs for type C, produces a uniform anisotropy field
across the set. (The anisotropy field for type C is 1-1.5
5FIG. 6. Effective anisotropy field, HK, for Pt/Co/Pt where
the deposition temperature of the top Co/Pt layers was varied
(type A), and where only the deposition temperature of the
top Pt layer was varied (types B and C). The hatched area in-
dicates HK measured for type A films, including uncertainty.
The arrows show the order of deposition: 300-100◦C (type B,
squares), and 100-300◦C (type C, up triangles). Error bars
are smaller than or comparable to symbol sizes.
kOe larger than the anisotropy field for type A, suggest-
ing that annealing improves the anisotropy slightly.) The
second is that forming the lower Co interface first at a
fixed Tdep, and subsequently forming the upper interface
at successively lower temperatures, has the effect of re-
ducing the anisotropy field monotonically from the type
C value. The latter indicates that both upper and lower
Co interfaces contribute to the total effective perpendic-
ular anisotropy in all films. For films of type A, as we
have seen, changes in the quality of these interfaces in-
troduced by deposition at different temperatures in the
range 100-300◦C has little effect on the perpendicular
anisotropy. This is useful because the effect of interface
quality on DMI can now be investigated with the per-
pendicular anisotropy effectively kept constant.
V. DZYALOSHINSKII-MORIYA INTERACTION
The interfacial Dzyaloshinskii-Moriya interaction
(DMI) promotes the formation of chiral Ne´el-type do-
main walls in films with perpendicular anisotropy. The
method of expanding a domain in an in-plane field4,9 is
used to determine the DMI field in Pt/Co/Pt of type A.
Kerr imaging is used in the quasi-static regime: a bubble
domain is nucleated via an out-of-plane magnetic field
pulse, Hz, and a background image is taken. A constant
in-plane magnetic field, Hx, is then applied while Hz
is pulsed again. The background image is subtracted
from the resulting image to show the domain wall (DW)
motion, Fig. 7 (a-d), and thus the DW velocity (e-l).
The pulse length is of sufficient duration (>1 s) that
the rise time (<33 ms) is negligible. By repeating for
various values of Hx the minimum DW velocity is found,
at which point we assume that Hx = HDMI, the effective
DMI field. There are reports10,33,34 that the DMI might
not be the only factor behind the shift of the minimum
DW velocity away from Hx=0, but we assume it is the
dominant factor here because the DW velocity vs Hx
curves in Fig. 7(e-l) do not exhibit a large asymmetry.
The shift in the minimum DW velocity away from Hx=0
is reproduced in a model with HDMI as the only term
that introduces asymmetry. This model is based on a
creep law35,36 with the exponential term dependent on
the ratio of domain wall energy densities:
v = v0 exp[ζ(µ0Hz)
−1/4], (1)
where
ζ = ζ0[(Hx)/(0)]
1/4.
Here v0 is the characteristic velocity, ζ0 is a scaling
constant, and for a domain wall with mixed Bloch-Ne´el
spin structure the energy density is :
 = 0 − pi
2δµ20M
2
s
8KD
(Hx +HDMI)
2.
For a domain wall with pure Ne´el spin structure the
domain wall energy density is:
 = 0 + 2KDδ − piδµ0Ms|Hx +HDMI|,
where the Bloch wall energy density 0 = 2pi
√
AK0, the
exchange stiffness A = 16 × 10−12 J/m and K0 is the
effective anisotropy, used as a fitting parameter; δ =√
A/K0 is the domain wall width; Ms = 1.1 × 106A/m
is the saturation magnetization; and KD = (Nxµ0M
2
s )/2
is the domain wall anisotropy where the demagnetizing
factor Nx = ln(2)t/(piδ) with t the thickness of the fer-
romagnetic film. Values of saturation magnetization and
exchange stiffness were taken from previous work4,14.
Measuring DW velocity as a function of Hz with no ap-
plied Hx we found a linear relationship between ln v and
H
−1/4
z , confirming that the DW motion in the Pt/Co/Pt
films was, indeed, in the creep regime. Fitting to ln v vs.
H
−1/4
z , v0 and ζ0 were determined, leaving just HDMI
and K0 as fitting parameters for velocities measured as a
function of Hx, shown in Fig. 7 (e-h). Values of K0 de-
termined from fits to the data in Fig 7 (e-h) ranged from
approximately 30-60 kJ/m
3
, where the upper bound is
the effective anisotropy found from the average HK mea-
sured in section IV. The spread in K0 may arise as a
result of the range of local anisotropies probed by the
moving domain wall, as opposed to the single value of
anisotropy field measured for the samples as a whole.
HDMI, however, is more reliably determined as it con-
trols the asymmetry of the fit.
Data shown in Fig. 7 for a set of films grown at a
base pressure of 1.1×10−7 Torr display the asymmetric
6FIG. 7. (a) to (d) Differential mode Kerr microscope images of bubble domains used to determine domain wall displacements
in a field of Hx = -1000 Oe, for a set of Pt/Co/Pt films grown at low base pressure (1.1×10−7 Torr) and deposition temperatures
indicated for each row. (e) to (h) DW velocities fitted by Eq. 1, and (i) to (l) the logarithm of DW velocity, as a function of
Hx. Hz is the out-of-plane pulsed field used to expand the domain. Black and red correspond to the left- or right-moving wall
of the domain, respectively, and the blue arrows indicate the domain wall anisotropy field.
expansion of the bubble domains, (a-d), as well as the
shift in minimum of the DW velocity, (e-h), (i-l). A slight
change of gradient is apparent when log(v) is plotted as
a function of Hx, indicated by the arrows in (i-l), and in
other literature has been attributed to chiral damping33.
However, the field at which this change of gradient occurs
is at roughly the same distance from the minimum as
the magnitude of the domain wall shape anisotropy field
(310 ± 90 Oe), indicating that at this point the DW
spin structure changes from mixed Bloch-Ne´el to pure
Ne´el. Furthermore, the net DMI fields were found to
range between -90 and 276 Oe, and so HDMI alone is
not sufficient to bring the domain walls into a pure Ne´el
configuration in any of the films, meaning that at Hx = 0
the domain wall spin structure is mixed Bloch-Ne´el. The
DW velocities in Fig. 7(e-h) were fitted by Eq. 1 with
7FIG. 8. Net HDMI as a function of ∆σ/σ, the difference
between the top Co interface σ and the bottom Co interface σ
for epitaxial Pt/Co/Pt deposited at temperatures in the range
100-300◦C, normalized by the total σ. A positive σ difference
corresponds to the lower Co interface being a higher quality
than the upper. The errors associated with ∆σ/σ relate to
the suitability of the σ values to the fitted X-ray reflectivity
models so act as a lower bound of uncertainty due to the
deviations of the fits. The measured values of K0 were used
in the conversion of HDMI to D.
the DW energy density (mixed Bloch-Ne´el, or pure Ne´el)
chosen according to whether Hx was greater than or less
than the DW shape anisotropy field.
Fig. 8 shows HDMI for sets of films grown at a range
of base pressures from 0.6-3.3×10−7 Torr plotted against
the normalised difference in σ for the upper and lower
Co interfaces. The difference in σ is a measure of the
difference in quality of the upper and lower Co interfaces.
Measuring the net DMI field for several sets of samples
permits a correlation to emerge, as the DMI is exquisitely
sensitive to the difference in quality of the upper and
lower Co interfaces. The difference in σ is normalized by
the total σ to highlight any dependence on the interface
quality difference, independent of any changes in total σ.
Fig. 8 shows that the net DMI in epitaxial Pt/Co/Pt
increases from zero to positive values when the quality
of the top interface decreases relative to the bottom, and
decreases from zero to negative values when the quality of
bottom interface decreases relative to the top. A linear fit
to the data yields a Pearson’s r correlation coefficient of
0.65. The spread of data points is due to the uncertainty
in σ for individual interfaces determined from fitting low-
angle X-ray scans of such thin films.
The conclusion that may be drawn from Fig. 8 is that
the net DMI field in epitaxial Pt/Co/Pt can change by up
to 340 ± 60 Oe depending on the deposition conditions.
For less ordered, polycrystalline Pt/Co/Pt, therefore, it
is no surprise that larger DMI fields may be obtained,
e.g. Franken et al37 obtained HDMI=370 ± 10 Oe in a
polycrystalline stack with a thinner Co layer (4 A˚) and
Hrabec et al.4 obtained HDMI∼-1000 Oe for films with a
similar Co thickness but polycrystalline and with a differ-
FIG. 9. Net HDMI as a function of Tdep for epitaxial
Pt/Co/Pt where growth was initiated at low base pressures.
ent Pt thickness. Na¨ıvely mapping HDMI∼-1000 Oe onto
Fig. 8 yields a difference in ∆σ/σ of -2.9, which would
mean that the difference in interface quality is greater
than the total interface quality, and suggests that there
is another factor at work here, possibly related to the
polycrystallinity.
For samples of type A where growth was initiated at
sufficiently low base pressure, HDMI increases monoton-
ically as a function of Tdep, as shown in Fig. 9. Using
the prior finding that the lower Co interface contributes
a positive HDMI
4, and the conclusion drawn earlier that
a higher quality (smaller σ) interface contributes a larger
HDMI, the increase of HDMI with Tdep may be interpreted
as follows. As Tdep increases, the quality of both inter-
faces, but particularly the upper, decreases until anneal-
ing dominates and their quality improves; the lower at
a greater rate than the upper. This difference in inter-
face quality introduces structural inversion asymmetry,
necessary for a net DMI field to occur, increasing as the
contribution from the top interface is reduced, as seen in
Fig. 9. As the Co interfaces become of a similar quality,
the DMI contributions from the top and bottom cancel,
causing no net DMI. If the bottom interface is of a lower
quality than the top, the dominant contribution switches
and the effective DMI field becomes negative. This shows
that if the base pressure is sufficiently low, substrate tem-
perature may be used to linearly adjust the DMI.
VI. CONCLUSION
In conclusion, changing the temperature during depo-
sition of the top Co/Pt layers in an epitaxially sputtered
Pt/Co/Pt system significantly affects the Co interface
quality. The difference between the quality of the top
interface and the lower interface introduces structural in-
version asymmetry which results in a net DMI field. This
difference is altered with deposition temperature as the
interfaces change quality at different rates. This shows
that, for sufficiently good base pressures, the substrate
8temperature may be used to fine-tune the DMI in epi-
taxial samples.
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